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Refractive index matched particles serve as essential model systems for colloid scientists, providing nearly hard spheres to explore structure and dynamics. The poly(methyl methacrylate) latexes typically used are often refractive index matched by dispersing them in binary solvent mixtures, but this can lead to undesirable changes, such as particle charging or swelling. To avoid these shortcomings, we have synthesized refractive index matched colloids using polymerization-induced self-assembly (PISA) rather than as polymer latexes. The crucial difference is that these diblock copolymer nanoparticles consist of a single core-forming polymer in a single non-ionizable solvent. The diblock copolymer chosen was poly(stearyl methacrylate)-poly(2,2,2-trifluoroethyl methacrylate) (PSMA-PTFEMA), which self-assembles to form PTFEMA core spheres in n-alkanes. By monitoring scattered light intensity, n-tetradecane was found to be the optimal solvent for matching the refractive index of such nanoparticles. As expected for PISA syntheses, the diameter of the colloids can be controlled by varying the PTFEMA degree of polymerization. Concentrated dispersions were prepared, and the diffusion of the PSMA-PTFEMA nanoparticles as a function of volume fraction was measured. These diblock copolymer nanoparticles are a promising new system of transparent spheres for future colloidal studies.
Introduction
Non-interacting hard sphere colloids are essential tools for experimentally studying interparticle interactions to compare to theory, and polymer colloids in non-aqueous solvents are one of the best model systems for these studies [1] . Perhaps the most significant early report of polymer colloids designed to be transparent, hard spheres came from Pusey and van Megen in 1986, who showed that poly(methyl methacrylate) (PMMA) latexes in a mixture of decalin and carbon disulfide were refractive index matched and formed colloidal crystals [2] . The refractive index difference can be related to the strength of dispersion or van der Waals attractions, and matching the refractive indices of the dispersed and continuous phases will minimize attraction at short separations [3] . There are other nanoparticles that have been studied as either effectively hard or refractive index matched colloids, such as sterically stabilized PMMA in cis-decalin alone [4, 5] , silica in ethylene glycol [6] or poly-N-isopropylacrylamide (PNIPAM) in water [7] [8] [9] , but on balance, PMMA colloids in a low-polarity medium are considered to be the best system of experimental nearly hard sphere colloids [1] . Refractive index matching PMMA latexes has been achieved in the past using several approaches. One is by dispersing PMMA particles in a binary solvent mixture consisting of one high-refractive index solvent (such as a cycloalkylbromide, tetrachloroethylene or carbon disulfide) and cis-decalin [1, 2, [10] [11] [12] [13] [14] [15] [16] [17] . The other is by polymerizing a low-refractive index comonomer, a fluorinated acrylate or methacrylate, along with MMA [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] . These methods require using either a multi-component solvent mixture or a statistical copolymer core, meaning that much experimental work is required to identify the precise ratio required for refractive index matching. Additionally, dispersing the colloids in a binary solvent mixture, as is most commonly done, can either charge particles because of solvent autoionization [12] or swell the particles because of solvent partitioning to the core [32] . Although popular, the binary solvent approach has some potential disadvantages that could result in making the particles unsuitable for use as hard spheres. The salt typically used to screen charges is saturated at a concentration that only reduces the Debye length to hundreds of nanometres [1] . Using salt with a higher solubility, though, can result in loss of colloidal stability at high salt concentrations [33] . Other solvents, such as carbon disulfide, chloroform and tetrachloroethylene, can swell the particles instead [1, 10] . This results in particles with an unpredictable radius and a changing density, and consequently, a dispersion that is no longer refractive index matched [1] . Although it is possible to ameliorate these issues by adding salts or adjusting the amount of dense solvent until the system reaches a steady state, they make refractive index matched polymer colloids that consist of a single core-forming polymer in a single, non-ionizable solvent, which would not require such adjustments, highly desirable.
There are a myriad of reports in the literature of ways to prepare various spherical colloids consisting of, for example, silica (Stöber synthesis), poly(12-hydroxystearic acid)-stabilized PMMA, poly(vinylpyrrolidone)-stabilized polystyrene and PNIPAM [8, 9, [34] [35] [36] [37] . Sterically stabilized PMMA latexes are probably the best model for experimental hard spheres [1] , and we take these spheres as our inspiration to synthesize aliphatic polymer-stabilized poly(methacrylate) spheres in a low-dielectric solvent. We are particularly interested in studying polymer colloids, because of the ease by which functional units can be introduced into the particles without significantly modifying their colloidal properties [38, 39] . Previous reports of refractive index matched polymer colloids typically used dispersion polymerization to prepare sterically stabilized latexes. In this study, we report using a different method to prepare welldefined diblock copolymer nanoparticles. Rather than polymer latexes, which tend to be well defined for particles with diameters of hundreds of nanometres to several micrometres, we have synthesized well-defined diblock copolymers that form polymer micelles, which tend to be well defined even under 100 nm. Particles of a smaller size will be an interesting addition to the available systems of refractive index matched, nearly hard sphere colloids. This small size means that the particles will sediment much more slowly, reducing the necessity to density match them as well and that they will extend the range of sizes available an order 
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RAFT dispersion polymerization n = 34 ± 16 Scheme 1. Synthesis of a poly(stearyl methacrylate) (PSMA) macromolecular chain-transfer agent via reversible additionfragmentation chain-transfer (RAFT) solution polymerization in toluene at 70
• C, followed by RAFT dispersion polymerization of 2,2,2-trifluoroethyl methacrylate (TFEMA) in an n-alkane at 90
• C to give a PSMA-PTFEMA diblock copolymer. The schematic on the right illustrates the type of concentric sphere colloids that the diblock copolymers form. (Schematic reproduced from [40] .) of magnitude smaller than before. We used polymerization-induced self-assembly (PISA) as the method to make these spherical nanoparticles. It has been developed for the rational synthesis of sterically stabilized polymer colloids. Using reversible addition-fragmentation chain-transfer (RAFT) polymerization, a soluble macromolecular chain-transfer agent (macro-CTA) is chain-extended using a suitable second monomer to form an insoluble polymer, resulting in in situ self-assembly [40] . This procedure does involve two steps: the synthesis and purification of the macro-CTA and its chain extension to produce a diblock copolymer nanoparticle. It is possible for some formulations to synthesize the particles in a sequential one-pot reaction, and this has been demonstrated for several systems in non-polar solvents [41, 42] . The rational production of particles with a predictable size based on the core degree of polymerization (DP) and the purity of the final particles mean that even this two-step synthesis is worthwhile.
Using PISA, it has been possible to synthesize diblock copolymer nano-objects in water [43] , lower alcohols [44, 45] and non-polar solvents [44] . Various polymers have been used to form the core-forming blocks of PISA-synthesized nano-objects in non-polar solvents, including poly(methyl acrylate) [46] [47] [48] , poly(benzyl methacrylate) [41, [49] [50] [51] [52] [53] [54] [55] [56] , poly(3-phenylpropyl methacrylate) [57] [58] [59] , poly(benzyl acrylate) [42] , poly(n-2-(methacryloyloxy)ethyl pyrrolidone) [60] , poly(phenyl acrylate) [61] and poly(2,2,2-trifluoroethyl methacrylate) [62] .
In this paper, polymer colloids were synthesized using poly(2,2,2-trifluoroethyl methacrylate) (PTFEMA) as a low-refractive index core-forming block, which should enable the formation of almost perfectly refractive index matched nanoparticles in non-polar solvents. A nearly transparent dispersion is a prerequisite to obtaining a system of nearly hard spheres. Regardless of the interparticle interactions, the dispersion attraction is minimized in a refractive index matched system [3] . Indeed, PTFEMA has been shown to be a feasible core-forming block for visible light spectroscopy in non-polar solvents, because of its near refractive index matching [62] . This optical transparency afforded by refractive index matching has enabled PISA-synthesized PTFEMAbased nano-objects in other solvents as well to form highly transparent Pickering emulsions and monitor the character of the polymerization [63, 64] , but the behaviour of the colloids themselves has not previously been considered. As the particles are synthesized in non-polar solvents, poly(stearyl methacrylate) (PSMA) was selected as a steric stabilizer, given its established ability to stabilize copolymer nano-objects in such media [52, 53, 55, [57] [58] [59] [60] . The PISA synthesis route is shown in scheme 1. Unlike the previous reports of partly fluorinated particles by PISA [63, 64] , we focus on the synthesis of nano-objects directly in n-alkane solvents to identify the single solvent that best matches the refractive index of these PSMA-PTFEMA nano-objects. These dispersions should, therefore, meet the aim of obtaining colloids of a single polymer core in a single solvent while avoiding the problems of particle charging and particle swelling inherent when using refractive index matched PMMA latexes. The characterization of these polymer colloids suggests ways that these highly transparent dispersions can be employed by colloid scientists, and we anticipate that they will become a useful model system in due course. 
Experimental (a) Materials
Stearyl methacrylate (SMA, technical grade), and 2,2,2-trifluoroethyl methacrylate (TFEMA, 96%) monomers were purchased from Sigma-Aldrich (UK). TFEMA monomer was passed over a basic alumina column to remove inhibitor prior to use. 2, 2 -Azobisisobutyronitrile (AIBN) initiator was purchased from Molekula (UK), and tert-butyl peroxy-2-ethylhexanoate (T21S) initiator was a gift from AkzoNobel (The Netherlands). Cumyl diothiobenzoate (CDB, 99%) RAFT agent was purchased from Sigma-Aldrich (UK) and used as supplied. Solvents for synthesis and purification (toluene, ethanol) were purchased from either VWR, Sigma-Aldrich or Fisher (UK) and were used as supplied. Deuterated solvents were obtained from either Cambridge Isotope Laboratories (USA) (dichloromethane-d 2 ) or Sigma-Aldrich (UK) (chloroform-d 1 ). The four n-alkanes used were obtained from either Sigma-Aldrich (n-dodecane, ≥99%) or Alfa Aesar (n-decane, 99%; n-tetradecane, 99%; and n-hexadecane, 99%) and were used as provided. determine the DP by comparing integrated CDB aromatic protons at 7.1-8.1 ppm with the two PSMA oxymethylene protons at 3.8-4.0 ppm (PSMA DP = 34). The standard deviation of the DP (±16) was calculated using Harrisson's method [65] .
(ii) Poly(stearyl methacrylate)-poly(2,2,2-trifluoroethyl methacrylate) diblock copolymers
Poly(stearyl methacrylate)-poly(2,2,2-trifluoroethyl methacrylate) (PSMA 34 -PTFEMA x , where x is the PTFEMA DP) diblock copolymers were synthesized using a PSMA 34 macro-CTA using a modified approach based on previous work with benzyl methacrylate [52] ; see scheme 1. The macro-CTA and initiator were dissolved in the specified n-alkane at a total concentration of 20 wt%. The PSMA 34 macro-CTA was added as a solid, and the T21S initiator was added as a 10 wt% solution in n-dodecane (TS1S/macro-CTA molar ratio = 3). The initiator was dissolved in n-dodecane regardless of the alkane solvent used, but the amount of n-dodecane relative to the total amount of n-alkane solvent was negligible. This solution was degassed using nitrogen for 30 min. TFEMA monomer was degassed using nitrogen for 30 min separately because of its volatility and was added to the macro-CTA and initiator solution volumetrically. (The mass added was recorded.) The reaction solution was then degassed for a further 10 min, heated to 90 • C, and allowed to proceed for at least 18 h. All diblock copolymers were analysed using 1 H NMR to calculate the final DP and 19 F NMR (both in CDCl 3 ) to calculate the monomer-topolymer conversion. They were also analysed using GPC with THF eluent (PMMA standards) with refractive index detection, so the GPC-determined molar mass distributions are artificially broad. This is due to the refractive index detector being more sensitive to the PSMA block than the PTFEMA block, because the refractive index difference is greater between PSMA and THF than between PTFEMA and THF [63] . Characterization of the polymers is given in the electronic supplementary material (Sections S1-S3).
The as-synthesized dispersions (20 wt%) were used directly for static light scattering. Dispersions were diluted for dynamic light scattering, small-angle X-ray scattering and transmission electron microscopy analysis. For the dynamic light scattering measurements on concentrated dispersions, a 20 wt% dispersion was centrifuged at 10 000 r.p.m. for 3 h and a mass of solvent removed to obtain a high concentration stock. This was then diluted to give dispersions of a desired volume fraction (φ). Volume fractions were obtained gravimetrically (the 'measuring mass and density' method described by Poon et al. [17] ). The initial known masses of particles (m p ) and solvent (m s ) as well as the new solvent (of the same type) added or removed (m a ) were converted to a volumes using the mass densities (ρ m , with the appropriate subscript for the species) to calculate the volume fraction of the dispersion that was occupied by the polymer spheres (φ). Although only one mass and density for the particles is shown, the mass and density of each block was calculated separately to give the total volume of particles,
(2.1)
(b) Methods (i) Dynamic and static light scattering
Dynamic light scattering (DLS) and static light scattering (SLS) measurements were performed to determine either the diffusion coefficient (DLS) or the amount of scattered light (SLS) using a Malvern Zetasizer Nano ZS (Malvern Instruments, UK). The wavelength of the radiation was λ = 632.8 nm, and the scattering angle was 173 • . For a light scattering measurement, the modulus of the momentum transfer vector Q is defined in equation (2.2), where θ is half the scattering angle and n is the refractive index,
Q has the value 0.0028 Å −1 for this instrument configuration. DLS measurements were performed on diluted dispersions (∼1 vol%), and SLS measurements were performed on as-synthesized dispersions. Optical glass cuvettes with a path length of 10 mm were used to load the dispersions. For all measurements, approximately 10 runs of 10 s duration were performed per measurement.
(The exact number was selected by the instrument software.) Different numbers of measurements were used for the specific experiments: three (DLS measurements on dilute dispersions), 15 (DLS measurements on concentrated dispersions) and one (SLS).
(ii) Small-angle X-ray scattering
Small-angle X-ray scattering (SAXS) measurements were performed using two instruments: an in-house Bruker AXS Nanostar (University of Sheffield, UK) and the synchrotron beamline ID02 at the European Synchrotron Radiation Facility (ESRF) (Grenoble, France). The modulus of momentum transfer vector Q is defined in equation (2.3), where θ is half the scattering angle and λ is the wavelength of the X-ray radiation,
The Bruker AXS Nanostar instrument (Cu K-α radiation and two-dimensional HiSTAR multiwire gas detector), modified with a microfocus X-ray tube (GeniX3D, Xenocs, France) and two sets of motorized scatterless slits for the beam collimation, was set to a sample-to-detector distance L = 1.46 m. SAXS patterns were recorded over a Q range of 0.008 Å −1 < Q < 0.15 Å −1 . Glass capillaries of 2 mm diameter were used as a sample holder, and an exposure time of 600 s was used for each sample data collection. Two-dimensional SAXS data were reduced to one-dimensional SAXS curves using Nika macros for Igor Pro [66] .
The beamline ID02 used monochromatic X-ray radiation (λ = 0.995 Å) and a Rayonix MX-170HS CCD detector. A sample-to-detector distance L = 6 m was set to obtain an effective Q-range after data reduction of 0.003 Å −1 < Q < 0.09 Å −1 . For PSMA 34 at lower Q. Glass capillaries of 2 mm diameter were used as a sample holder, and exposure times of 0.02-1 s were used for the SAXS data collection. Scattering data were automatically reduced using the standard workflow at the beamline [67] . Water was used as a standard for the absolute intensity calibration.
All one-dimensional SAXS data collected by different instruments were processed (normalization and background subtraction) using Irena SAS macros for Igor Pro [68] . Data were fitted as described in the text using bespoke models implemented for Irena SAS macros for Igor Pro [68] .
(iii) Transmission electron microscopy Transmission electron microscopy (TEM) imaging was performed on an FEI Tecnai Spirit microscope fitted with a Gatan 1kMS600CW CCD camera operating at 80 kV. Copper/palladium TEM grids (Agar Scientific, UK) were surface-coated in-house to yield a thin film of amorphous carbon. The copolymer dispersion was diluted at ambient temperature to produce a 0.1 wt% dispersion; 10 µL of this dispersion was deposited onto the surface of the carbon-coated copper TEM grid. As the core-forming PTFEMA is semi-fluorinated, no stain was required to obtain contrast with the carbon-coated grid.
Results and discussion
PSMA-PTFEMA diblock copolymer micelles were synthesized directly in the n-alkane of interest, as shown in scheme 1, and were studied either directly as concentrated dispersions or after dilution by the n-alkane used for synthesis, depending on the requirements of the technique. The first task was to assess the n-alkane solvent that afforded the most transparent dispersions. After establishing the optimal n-alkane solvent, the polymer nano-objects were studied using various techniques. The nanoparticles have a high X-ray photon contrast with the solvent, because of the large difference in electron density, but a low visible light photon contrast, because of a small difference in the refractive index. These make them amenable to analysis by light scattering and X-ray scattering.
(a) Refractive index matching
The transparency of PSMA 34 -PTFEMA x nanoparticle dispersions was used as a method of determining how well refractive matched the particles are to the solvents. In general, colloidal dispersions are turbid from the scattering of light. For otherwise equivalent particles, the intensity increases with increasing difference in refractive index between solute and solvent [69] . Transparent dispersions, therefore, will be obtained when the refractive index difference is minimized. SLS was used to record the intensity of scattered light at a fixed wavelength and detector angle (λ = 632.8 nm and scattering angle of 173 • ) and, therefore, assess the amount of light scattered. A quantification of the turbidity of a series of diblock copolymers with a common composition (PSMA 34 -PTFEMA 500 ) synthesized directly in four different n-alkanes at a concentration of 20 wt% is shown in figure 1a . The n-alkanes (n-decane, n-dodecane, n-tetradecane and n-hexadecane) were chosen as they had slightly different refractive indices that spanned the refractive index of PTFEMA homopolymer, known from the literature. (Refractive indices are shown in table 1.)
Additionally, the particle size was determined using SAXS on dilute dispersions of PSMA 34 -PTFEMA 500 in the n-alkane chosen for synthesis, shown in figure 1b. These measurements show that the colloids are approximately the same size and, therefore, a like-for-like comparison between the colloids in different solvents is justifiable. This is important as SLS intensity will depend on angle if the size changes. The SAXS model used to fit the data and the best fit parameters are shown in the electronic supplementary material (Sections S4 and S5). The PSMA 34 -PTFEMA 500 spheres synthesized in n-decane do appear to be smaller than those Values for n-alkanes from CRC Handbook [70] , for PSMA from Tamada et al. [71] , and for PTFEMA from Yoshioka et al. [72] .
synthesized in the other n-alkanes, but as this solvent is clearly the worst for refractive index matching the particles (figure 1a), the size difference does not merit consideration. For the other particles in the other solvents, n-tetradecane is the best solvent for producing transparent dispersions of PSMA 34 -PTFEMA 500 spheres. This, therefore, is the solvent studied for preparing refractive index matched dispersions. Determining the optimal solvent for refractive index matching experimentally rather than relying on a priori analysis of the material properties (table 1) is essential. n-Tetradecane does appear to be the best solvent for matching PSMA 34 -PTFEMA 500 spheres, but it is not the solvent that has a refractive index closest to that of PTFEMA homopolymer (table 1) . This is because these nanoparticles consist of diblock copolymers, and therefore, the effective refractive index is a composite of that of PSMA and PTFEMA homopolymers. A simple mixing rule was used to determine the refractive index of the composite particle (n p ), where n i is the refractive index of the i-th component and φ i is its volume fraction,
Despite the simplicity of equation (3.1), the relatively small particle size and the fact that they are nearly refractive index matched makes it appropriate [73] . is the refractive index of the medium) is ∼1. Under these conditions, the empirical mixing rule is valid [73] . This equation was used to calculate the volume fraction of PSMA and PTFEMA from the refractive index of the particle which was set equal to that of n-tetradecane. For each nanoparticle, using the literature values of the polymer refractive indices shown in table 1, this gives a volume fraction of each polymer within the nanoparticle of 0.85 for PTFEMA and of 0.15 for PSMA, which is comparable to that expected based on the block volumes alone (0.91 for PTFEMA and 0.09 for PSMA). This demonstrates that the internal structure of the colloid needs to be considered and that experimental verification needs to be performed to assess the optimal refractive index for matching. For the system studied here, n-tetradecane is the best solvent for refractive index matching these specific diblock copolymer nanoparticles. However, it is feasible that for some compositions, n-dodecane or n-hexadecane, for example, are the best alkane solvents for refractive index matching particles. For example, a recent report showed that n-dodecane was the best solvent for refractive index matching PSMA 32 -PTFEMA 490 diblock copolymer nanoparticles, which are similar in block composition to those studied here albeit with a different RAFT agent and a much larger particle size [62] . The transparency of these nanoparticle dispersions, therefore, can vary as a function of temperature, wavelength of radiation or particle size, for instance. It is worthwhile verifying experimentally the quality of the refractive index matching between nanoparticle and solvent, but it is obvious that PSMA-PTFEMA colloids in n-alkanes are a very promising general motif for producing transparent colloidal dispersions.
(b) PSMA-PTFEMA diblock copolymer nano-objects
Having established that n-tetradecane is the best solvent for refractive index matching PSMA 34 -PTFEMA 500 , a series of PSMA 34 -PTFEMA x nano-objects were synthesized with a range of PTFEMA DPs spanning an order of magnitude from ∼100 to ∼1000. DLS and SAXS measurements were performed on dilute dispersions of PSMA 34 -PTFMEA x spheres in ntetradecane to determine the diameters of the spheres as a function of DP. These data are shown in figure 2a along with fitted SAXS data in figure 2b .
The diameters of the nanoparticles were determined using two different techniques. DLS measurements were performed on dilute dispersions (∼1 wt%), and the Z-average diameters of the particles are shown in figure 2a . The data are somewhat noisy, but this is because the dispersions are nearly transparent, so relatively little light is scattered. It is possible that impurities in the system that are not refractive index matched may contribute to the raw DLS data, and therefore, a technique with higher contrast is desirable. SAXS measurements were also performed on dilute dispersions with a concentration of ∼1 wt% (volume distribution, d V ), and these data are much less noisy, because of the large electron density difference between PTFEMA and n-tetradecane. The particles give well-defined SAXS (figure 2b) curves that can be fitted well by the appropriate copolymer micelle models, discussed in electronic supplementary material, Section S4. The mean diameters increase as a power law of the PTFEMA DP (d ∝ DP α ) with the power law exponent α relating to the degree of segregation of the phase-separated polymer chains (α should range between 0.5 and 1), as has been shown for similar poly(stearyl methacrylate)-poly(benzyl methacrylate) nano-objects in non-polar solvents [52, 55] . The fit values of α are very similar for the two sizing techniques: α of 0.6 for DLS d Z and α of 0.4 for SAXS d V . Differences in the α from different techniques for otherwise identical nanoparticles are known in the literature [55] , and this is due to the different weighting and sensitivity of different techniques. Regardless, that the particle diameters increase as a power law of PTFEMA DP shows that spheres are the dominant morphology. While spheres are the dominant morphology, a careful analysis of the scattering demonstrates that they are not the exclusive morphology. Indeed, PISA syntheses are known to give a wide range of morphologies other than spheres. Spheres, worms and vesicles are typically obtained morphologies, but more exotic nanostructures such as lamellae, framboidal vesicles, oligolamellar vesicles, jellyfish and yolk/shell particles have also been reported [40] . The raw SAXS curves (figure 2b) are qualitatively consistent with only spherical nanoparticles: the scattering intensity at low Q (the Guinier region) is proportional to Q 0 rather than Q −1 or Q −2 , as might be expected for a non-spherical species [74] . However, microscopy and scattering data of a dispersion of PSMA 34 -PTFEMA 568 diblock nanoparticles shows that there is a minor population of nonspherical nano-objects present. The TEM micrograph (inset in figure 3) shows that the majority of nano-objects are spherical, but there is also a small population of dimers present. This is probably because either the PSMA DP is too low or the copolymer concentration is too high to 'trap' spheres as the dominant morphology. Spherical polymer micelles are known to be the first to form in situ even for higher order morphologies [75] . The SAXS data shown in figure 3 support this observation; the best fit is achieved by accounting for a small population of dimers. The quantitative SAXS data make it possible to determine the relative fraction in each population (using the scale factor, which is proportional to the volume fraction of each population [74] ). The models used to fit the SAXS data are discussed in Section S4 in the electronic supplementary material [52, [76] [77] [78] [79] [80] . The spherical nanoparticle population were modelled using a well-known model, and the scattering from the dimers was calculated using the spheres method. From the fitted scale factors, the sphere population occupies 94% of the volume and 97% of the number of nanoparticles in this dispersion. Eliminating the dimer population, perhaps by increasing the PSMA DP or decreasing the concentration of the stock dispersion, would be desirable for future studies.
(c) Characterization of PSMA-PTFEMA nano-objects
Having established the rational synthesis of PSMA-PTFEMA nano-objects in n-tetradecane by PISA, a dispersion of PSMA 34 -PTFEMA 568 nanoparticles was synthesized on a larger scale (∼50 g) to enable concentrated dispersions to be prepared. An advantage of these effectively transparent spheres is that they can be studied using multiple forms of scattering. The small refractive index difference (table 1) means that the dispersions are highly transparent even up to very high volume fractions (φ 0.5). An image of the concentrated dispersions (in polyamide cells with a path length of 2 mm) is shown in figure 4 . Even up to φ = 0.54, the dispersions are essentially transparent; only having a slight pink colour due to the dithiobenzoate RAFT agent [81] . On the other hand, the large electron density contrast means that the X-ray scattering length density is high (electronic supplementary material, table S9) and, therefore, the dispersions are well suited to analysis by X-ray scattering, as can be seen in figures 2 and 3. The bulk properties of concentrated dispersions can be strongly dependent on φ; therefore, the compatibility of this system with various analytical techniques over a range of volume fractions is very beneficial. Typically, for hard spheres, the most commonly investigated bulk properties are the viscosity, diffusivity and the structure factor [17] . In this study, we prioritized the diffusivity and characterized the effect of increasing the volume fraction on the diffusion of the nanoparticles in the form of concentrated dispersions using DLS.
DLS is commonly used to determine solvodynamic particle diameters through the StokesEinstein equation, which relates the diffusion coefficient (D) to the solvodynamic radius (r) and the thermal energy (k B T) [82, 83] ,
This is, however, only appropriate for dilute dispersions where particle diffusion is not influenced by the solvodynamics and presence of other particles. In a DLS measurement, the diffusion coefficient (D) is obtained from the decay rate of the first-order autocorrelation function. This is used to infer the solvodynamic radius assuming free motion, but for concentrated dispersions, the diffusion coefficient is decoupled from the radius and is known to decrease as many-body effects begin to influence the particle motion [4] .
The dispersions are highly transparent, which means that the more complex light scattering instrumentation required to study concentrated, turbid dispersions [84, 85] is not required. We have performed an exploratory measurement of the particle diffusion using commercial DLS instrumentation that measures at fixed Q to obtain reliable data. The diffusion coefficient is, in fact, calculated from a Q-dependent function of the temporal autocorrelation function measured by the instrument. The product Qr is typically used to compare measurements of different particles and on different instruments. The value of Qr (using r Z , the Z-average radius from a DLS measurement on a dilute dispersion, for the radius) for PSMA 34 -PTFEMA 568 nanoparticles and these DLS measurements is 1.6. This is less than for typical measurements on PMMA latexes and is below the structure factor peak; for angle-selective DLS, large Qr are generally targeted [4, [86] [87] [88] . As we are not in the Q limit where structural contributions or collective motion [5, 89, 90] can be completely ignored, we refer to the diffusion coefficient as D(Q). These measurements are valuable because they can be obtained with simple instrumentation, but to explore the Qdependent diffusion of spheres [91] , further experiments using more advanced forms of photon correlation spectroscopy, such as XPCS [92, 93] , would be worth exploring.
A plot of the experimentally obtained diffusion coefficient (D(Q)) normalized by the diffusion coefficient of the most dilute dispersion studied (D 0 (Q)) is shown in figure 5 . As expected, the diffusion coefficient decreases as the particle concentration is increased. The data are compared to the virial expansion of the short-time diffusion coefficient given by Batchelor (D(Q)/D 0 (Q) = 1 − 1.83φ + 0.88φ 2 ) [94] and agree reasonably well up to a volume fraction of ∼0.3. This onset of slow dynamics is typically described using the Vogel-Fulcher-Tamman (VFT) form, which can be used to describe the increase in viscosity shown by glass-forming liquids as they are supercooled, or the increase in alpha relaxation (structural relaxation) time with the density of hard sphere suspensions [95] and can be similarly applied to particle diffusion [96] , as done in this study. The VFT equation takes the form in equation (3.3) , where A is a measure of the 'fragility' of the system (the degree to which the system slows down as it approaches the glass transition φ g ) and φ 0 is the volume fraction of a predicted dynamical divergence, which serves as a lower bound for the experimental glass transition φ g Figure 5 shows the relationship between the effective volume fraction φ eff and the diffusion coefficient D(Q). The volume fractions determined from the mass are adjusted by a small constant prefactor to give φ eff (φ eff = 0.97φ), which are the concentrations that best agree with VFT theory. This behaviour is in very good agreement with VFT-like scaling and predicts a φ 0 of 0.619 ± 0.010, in excellent agreement with previously reported values obtained from confocal microscopy and light scattering measurements of the alpha relaxation time (τ α ) of density and refractive index matched PMMA hard spheres [90, 97] . The inverse diffusion coefficient and alpha relaxation time are known to diverge at higher densities as self-diffusion and structural relaxation timescales decouple, but over the range of volume fractions covered here this is not expected to be the case [98] . This is reflected in the compatibility of this measurement of φ 0 with previous reports. While this agreement is gratifying, there are reasons that this cannot on its own be used to definitely prove hard sphere interactions. As discussed above, we are not in the appropriate Qlimit where structural contributions can be completely ignored; therefore, the volume fraction rescaling could be accounting for the presence of interparticle interactions. Nevertheless, that the diffusion coefficient varies smoothly and predictably over a wide range of volume fractions demonstrates that these particles are stable and do not appear to aggregate at high concentrations, essential for their use as a model system. Further experiments to elucidate the precise degree of interparticle interaction between these particles is warranted and welcome.
Conclusion
Because of the popularity and utility of refractive index matched colloids over recent decades, we sought to develop a system of transparent nano-objects consisting of a single core-forming polymer in a single solvent. This is in contrast to the polymer colloids commonly used, which require either a binary solvent mixture or a binary core-forming polymer. The core-forming polymer of choice was PTFEMA, which, being semi-fluorinated, has a low polarizability and consequently a relatively low refractive index [99] . As the refractive index difference can be related to the strength of the van der Waals attractions [3] , obtaining a transparent dispersion of nanoparticles is a prerequisite to obtaining a non-interacting dispersion.
By synthesizing these nano-objects directly in a range of n-alkanes, we were able to identify the ideal formulation to obtain transparent dispersions of polymer colloids via PISA: PSMA-PTFEMA in n-tetradecane synthesized using a CDB RAFT agent. These particles offer some very appealing properties. Being nearly transparent, light scattering measurements can be performed even at high nanoparticle concentrations, and because of the large electron density difference between polymer and solvent, X-ray scattering measurements can be performed even at concentrations where light scattering measurements are challenging. DLS studies using concentrated dispersions of these PSMA-PTFEMA nano-objects confirmed that it is possible to study such particles at high concentrations. The data show that the particles remain well dispersed even at high concentrations. However, the size distribution is broader than desirable, which is known to impact the phases that hard spheres form [17, 100, 101] . For example, colloidal spheres with a size distribution of ∼7% will fail to crystallize [17] . In the future, optimizing the synthesis conditions will most likely reduce the size distribution by eliminating the minor population of non-spherical nanoparticles. Such refined particles should serve as a useful model system to both explore existing theories of colloidal interactions and inspire new theoretical developments.
Since the first report of colloidal crystals of refractive matched PMMA latexes [2] , many subsequent papers have revealed interesting colloid science using these hard sphere colloids [17] . This new system of refractive index matched PSMA-PTFEMA nanoparticles in n-tetradecane should enable similarly interesting colloid science experiments in the future. By synthesizing these particles using RAFT-mediated PISA, it has been possible to controllably target colloids with small sizes (diameters less than ∼100 nm). By contrast, polymer latexes synthesized in non-polar solvents tend to be well defined only for large particles (diameters up to several micrometres) [35] . The small diameter of these diblock copolymer nanoparticles does mean that the width of the size distribution (∼10-15%) is necessarily broader than for typical PMMA latexes (∼5-6% [17] ). However, this small size does provide some advantages and opportunities. Large particles require a density matching solvent to prevent significant sedimentation during the course of a measurement, and the solvents used to do this soften the interaction potential [1] . Because of the relatively small size of these particles, their sedimentation velocity is low, even though the density difference between solvent and particle is large. Using Stokes's law [102] , we estimate that these particles would sediment ∼0.1 mm in a day, much less than the 1 mm per day threshold proposed by Royall et al. [1] and less than ∼0.1-0.3 mm per day threshold determined to be acceptable for scattering measurements by Washington et al. [103] . Additionally, these new particles provide the opportunity of extending studies over a wide range of sizes, because of the versatility of PISA syntheses. This will not only aid in universalizing colloidal interactions over a broader length scale, but it will also make possible studies of faster diffusing particles as well. We believe that this system of new refractive index matched PSMA-PTFEMA polymer micelles in n-tetradecane offers a useful experimental model system for studying non-interacting colloids.
Data accessibility. Particle characterization details and X-ray scattering fitting values are provided in the electronic supplementary material. Additional research data are available from the Zenodo repository (doi:10.5281/zenodo.1475878).
